Highly efficient low-temperature N-doped TiO2 catalysts for visible light photocatalytic applications by Mahy, Julien G et al.
materials
Article
Highly Efficient Low-Temperature N-Doped
TiO2 Catalysts for Visible Light
Photocatalytic Applications
Julien G. Mahy 1,*, Vincent Cerfontaine 1, Dirk Poelman 2 ID , François Devred 3,
Eric M. Gaigneaux 3, Benoît Heinrichs 1 and Stéphanie D. Lambert 1
1 Department of Chemical Engineering—Nanomaterials, Catalysis & Electrochemistry, University of Liège,
B6a, Quartier Agora, Allée du six Août 11, 4000 Liège, Belgium; vincent_cerfontaine@hotmail.com (V.C.);
b.heinrichs@uliege.be (B.H.); stephanie.lambert@uliege.be (S.D.L.)
2 LumiLab, Department of Solid State Sciences, Ghent University, 9000 Gent, Belgium;
Dirk.Poelman@UGent.be
3 Institute of Condensed Matter and Nanosciences—MOlecules, Solids and ReactiviTy (IMCN/MOST),
Université catholique de Louvain, Place Louis Pasteur 1, Box L4.01.09, 1348 Louvain-La-Neuve, Belgium;
francois.devred@uclouvain.be (F.D.); eric.gaigneaux@uclouvain.be (E.M.G.)
* Correspondence: julien.mahy@uliege.be; Tel.: +32-4-366-35-63
Received: 22 February 2018; Accepted: 6 April 2018; Published: 10 April 2018


Abstract: In this paper, TiO2 prepared with an aqueous sol-gel synthesis by peptization process is
doped with nitrogen precursor to extend its activity towards the visible region. Three N-precursors
are used: urea, ethylenediamine and triethylamine. Different molar N/Ti ratios are tested and the
synthesis is adapted for each dopant. For urea- and trimethylamine-doped samples, anatase-brookite
TiO2 nanoparticles of 6–8 nm are formed, with a specific surface area between 200 and 275 m2·g−1.
In ethylenediamine-doped samples, the formation of rutile phase is observed, and TiO2 nanoparticles
of 6–8 nm with a specific surface area between 185 and 240 m2·g−1 are obtained. X-ray photoelectron
spectroscopy (XPS) and diffuse reflectance measurements show the incorporation of nitrogen in
TiO2 materials through Ti–O–N bonds allowing light absorption in the visible region. Photocatalytic
tests on the remediation of water polluted with p-nitrophenol show a marked improvement for all
doped catalysts under visible light. The optimum doping, taking into account cost, activity and ease
of synthesis, is up-scaled to a volume of 5 L and compared to commercial Degussa P25 material.
This up-scaled sample shows similar properties compared to the lab-scale sample, i.e., a photoactivity
4 times higher than commercial P25.
Keywords: N-doped TiO2; aqueous sol-gel process; photocatalysis; p-nitrophenol degradation;
multiple crystalline phase catalyst
1. Introduction
Nowadays, environmental issues are a main problem in our lives, and a lot of research is
conducted to reduce them. Pollutants can be very diverse molecules, occurring as aromatic compounds,
pesticides, chlorinated compounds, heavy metals or petroleum hydrocarbons [1]. Different methods
exist to reduce them, such as photocatalysis, which is an efficient process for degrading organic
pollution [2].
This technique consists of redox reactions between organic pollutants and radical species produced
by the illumination of a photocatalyst [3,4].
The most commonly used photocatalyst is TiO2 [1,5], which is a semiconductor sensitive to UV
radiation; it is non-toxic and cheap [6]. The photon energy required to activate the TiO2 is 3.2 eV
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(band gap width); this value corresponds to radiation with a wavelength lower than 388 nm (for anatase
phase). However, in the case of illumination by solar light, only 5–8% of the spectrum will be used for
activation (only the UV part) [7]. When energetic light illuminates TiO2, electrons (e-) are promoted
from the valence band to the conduction band, leading to the formation of positive holes (h+) in the
valence band. When these photoactive species reach the surface of the material, they react with water
and oxygen to produce radicals, such as superoxide and hydroxyl radicals, and then these radicals are
able to degrade adsorbed organic molecules [4,5,8,9].
In recent years, sol-gel synthesis has been used widely for the preparation of TiO2 films or
powders allowing a control of the nanostructure and surface properties [6,10–13]. This process is a soft
chemistry method, using low temperature and low pressure, where titanium precursors sustain two
main reactions: hydrolysis and condensation [14]. By adapting the rate of these reactions, a colloidal
suspension or a solid gel can be obtained.
Sol-gel TiO2 materials can be synthesized via several paths depending on the solvent used,
which can include organic solvents or water. Usually, when the sol-gel synthesis is conducted in an
organic solvent, it is for the purpose of controlling its reactivity by complexation of titanium alkoxide
(Ti-(OR)4), where R is an alkyl group (–CH3, –C2H5, . . . ). Only a small amount of water is added to
avoid precipitation [10,15,16]. Then the material sustains drying and calcination to remove residual
organic molecules and to crystallize amorphous TiO2 into anatase or rutile phase [17].
When water is used as solvent, peptizing agents are used to form small crystalline TiO2
nanoparticles at low temperature [7,18,19]. With this method, crystalline TiO2 materials are synthesized
at low temperature without organic solvent. This process is thus well adapted for industrialization [8,9].
Indeed, in previous works [8,9], a global process has been developed to produce pure TiO2 films
deposited on steel at large scale in order to obtain an easy-to-clean surface [8] and doped TiO2 with
enhanced photocatalytic properties [9]. In these works, pure and doped TiO2 aqueous syntheses, using
titanium tetraisopropoxide in acidified water, were simplified from [19] to facilitate extrapolation
towards an industrial scale, and then pure and doped TiO2 sols were scaled up to volumes of 5 L [8,9].
As mentioned above, TiO2 needs energetic light to be photoactive, and so, when only the solar
spectrum is available for an application, pure TiO2 is not very effective. In order to improve the
photocatalytic properties of TiO2 in the visible range, three main routes can be followed: (i) the
introduction of metallic nanoparticles [20] or ions [10,21,22], (ii) the introduction of non-metallic
elements like N [23–28], B [25,29], F [24,25], P [30,31] or S [24,27], and (iii) doping with dye
photosensitizers such as porphyrins [32,33].
With regard to the introduction of non-metallic elements, N-doping is considered to be an ideal
candidate, because N 2p states could effectively mix with O 2p states [34]. Indeed, nitrogen can be easily
introduced into the TiO2 structure, due to its atomic size, which is comparable with that of oxygen, its
low ionization energy and high stability [24]. The visible absorption of the N-doped samples is due to
the reduction of the band gap. Indeed, substitutional N atoms in TiO2 lattice narrow the band gap by
creating an energy level above the valence band maximum or creating an intermediate band for the
electron below the conduction band [24,26,34].
The aim of the present work is to N-dope the previously developed synthesis [8,9]. This synthesis
makes it possible to produce a crystalline TiO2 colloid at low temperature in aqueous media.
This material can be produced at large scale, showing a high photocatalytic efficiency, but only under
UV radiation. Synthesis at pilot scale for N-doped TiO2 catalyst by sol-gel process is not reported in the
literature. In this work, three N-precursors are used to extend the photoactivity towards visible light:
urea, ethylenediamine and triethylamine. The resulting materials are characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), nitrogen adsorption–desorption measurements, XPS
and diffuse reflectance spectroscopy measurements in order to study the crystalline phase formation,
the doping influence and the texture of the catalysts. In the second part of this study, the photocatalytic
activity of the samples is tested in the degradation of p-nitrophenol (PNP, C6H5NO3) in polluted
water under visible light to show the influence of N-doping on the photoactivity and identify the
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best N-precursor for low-temperature N-doping of TiO2. For large-scale application, a large volume
(5 L) synthesis of the best N-doped TiO2 is performed and compared to laboratory-scale synthesis.
Although TiO2 N-doping has been widely studied, the novelty of this research is, from an easy and
environmentally friendly synthesis of photoactive TiO2 colloid, to try to N-dope this material in an
easy way without heating and to try to up-scale this synthesis to a larger volume for further visible
applications. A comparison with commercial Degussa P25 will be made.
2. Materials and Methods
2.1. Samples Preparation
2.1.1. Pure TiO2 Powder Synthesis
Titanium (IV) tetraisopropoxide (TTIP > 97%, Sigma-Aldrich, Saint Louis, MO, USA), nitric acid
(HNO3, 65%, Merck, Kenneth Fort Worth, NJ, USA), isopropanol (IsoP, 99.5%, Acros, Hull, Belgium)
and distilled water are used as starting materials. Pure TiO2 is synthesized according to Mahy et al. [8]
using water as solvent and nitric acid for TTIP peptization. After a reaction time of 4 h, a light blue
transparent liquid sol is obtained. Then, the sol is dried under an ambient air flow to obtain a xerogel,
which is crushed in a white-yellow powder [8]. Pure TiO2 sample is denoted as “TiO2 pure A”.
An alternative synthesis of pure TiO2 is also tested. In this case, a mixture of TTIP and isopropanol
is precipitated in water. Then this precipitate is washed three times with water. This slurry is then
mixed in water with HNO3 (pH = 1) at 50 ◦C for 12 h. After this reaction time, a light blue transparent
liquid sol is obtained. Then, the sol is dried under an ambient air flow to obtain a xerogel, which is
crushed in a white-yellow powder [8]. This pure TiO2 sample is denoted as “TiO2 pure B”.
2.1.2. N-Doped TiO2 Powder Synthesis
TiO2 catalyst is doped by nitrogen with three different precursors: urea ((NH2)2CO, Sigma-Aldrich,
98%), ethylenediamine (NH2CH2CH2NH2, Sigma-Aldrich, puriss. p.a., absolute, ≥99.5% (GC)),
and triethylamine ((C2H5)3N, Sigma-Aldrich, ≥99%).
For urea doping, distilled water is mixed with urea then acidified by HNO3 to a pH equal to 1.
Then, TTIP is added to IsoP, and the mixture is stirred at room temperature for 30 min. The TTIP/IsoP
mixture is added to acidified urea/water solution under vigorous stirring. The solution stays under
stirring for 4 h at 80 ◦C. After this time, a light white-blue transparent liquid sol is obtained and kept
in ambient atmosphere. The molar ratio between urea and TTIP is equal to either 1, 2, 4 or 10 leading
to four urea-doped samples. The samples are called “TiO2/UX”, with X corresponding to the molar
ratio between urea and TTIP.
For ethylenediamine doping, TTIP/IsoP solution is precipitated in water containing
ethylenediamine. The precipitate is washed three times with water. Then it is mixed in water
with HNO3 (pH = 1) at 50 ◦C for 12 h. After reaction, a light blue transparent liquid sol is obtained.
The molar ratio between ethylenediamine and TTIP is equal to either 1, 2, 4 or 10 leading to four
ethylenediamine-doped samples. The samples are called “TiO2/EtDNX”, with X corresponding to the
molar ratio between ethylenediamine and TTIP.
For triethylamine doping, a pure TiO2 sol is synthesized like TiO2 pure B sample. Then this colloid
is mixed with an excess of triethylamine for 12 h. A yellowish opaque liquid sol is obtained. The molar
ratio between triethylamine and TTIP is equal to 28 or 42, leading to two trimethylamine-doped
samples. The samples are called “TiO2/Et3NX”, with X corresponding to the molar ratio between
triethylamine and TTIP.
All N-doped samples are dried under ambient air at room temperature, then dried at 100 ◦C for
1 h. The resulting powders are washed three times with water, then finally dried at 100 ◦C for 12 h.
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2.1.3. Urea-Doped TiO2 Powder Synthesis at a Large Scale
The synthesis of the TiO2/U2 sample is scaled up to a volume of 5 L in a glass batch reactor with
a water recirculation cooling system (jacketed reactor) [9]. 3.6 L of a solution urea/distilled water
is acidified with HNO3 to a pH equal to 1. Then, 480 g of TTIP is added to 168.8 g of isopropanol
(IsoP). The mixture is stirred at room temperature for 30 min. The TTIP-IsoP mixture is added to the
acidified urea water and stirred by a propeller at 300 rpm. The liquid stays under stirring for 4 h at
a temperature of 80 ◦C. After the reaction, a light white-blue transparent liquid sol is obtained, similar
to the laboratory-scale sol. As for the laboratory-scale TiO2 sample, the large-scale urea-doped TiO2
catalyst is dried under ambient air at room temperature, then dried at 100 ◦C for 1 h. The resulting
powder is washed three times with water, then finally dried at 100 ◦C for 12 h.
The large-scale urea-doped TiO2 sample is denoted as “TiO2/U2-LS”.
2.2. Sample Characterization
The crystallographic properties are studied through the X-Ray Diffraction (XRD) patterns recorded
with a Bruker D8 Twin-Twin powder diffractometer using Cu-Kα radiation. The Scherrer formula





where dXRD is the crystallite size (nm), B the peak full-width at half maximum after correction of the
instrumental broadening (rad), λ the X-ray wavelength (0.154 nm), and θ the Bragg angle (rad).
The repartition of the crystallographic phases is estimated with the Rietveld method using “Profex”
software (Profex 3.12.1, Nicola Döbelin, Solothurn, Switzerland) [36]. The amount of crystalline
phase is estimated with CaF2 internal standard (calcium fluoride, Sigma-Aldrich, anhydrous powder,
99.99% trace metal basis), also using “Profex” software [37].
The TiO2 textural properties are characterized by nitrogen adsorption-desorption isotherms in an
ASAP 2420 multi-sampler adsorption-desorption volumetric device from Micromeritics. From these
isotherms, the microporous volume is calculated from the Dubinin-Radushkevich theory (VDR).
The surface area is evaluated using the Brunauer, Emmett and Teller theory (SBET) [38]. An average
particle size, dBET, can be calculated from SBET values by assuming non-porous TiO2 anatase








where ρanatase is the apparent density of TiO2-anatase considered equal to 3.89 × 106 g·m−3 [8,9].
The sizes of TiO2 nanoparticles are estimated by transmission electron microscopy (TEM) by
averaging the measurement of approximately 100 particles on TEM micrographs obtained with
a Phillips CM 100 device (accelerating voltage 200 Kv, Amsterdam, The Netherlands). First, samples
are dispersed in distilled water using an ultrasonic treatment. Then a drop of the dispersion is placed
on a copper grid (Formvar/Carbon 200 Mesh Cu from Agar Scientific, Essex, UK).
The sample’s optical properties are evaluated by using diffuse reflectance spectroscopy
measurements in the region 300–800 nm with a Varian Cary 500 UV–Vis-NIR spectrophotometer,
equipped with an integrating sphere (Varian External DRA-2500, Palo Alto, CA, USA) and using
BaSO4 as reference. The UV–Vis spectra recorded in diffuse reflectance (Rsample) mode are transformed
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where R∞ is defined as R∞ = Rsample/Rreference [8,39,40] with Rreference, the diffuse reflectance measured
for the BaSO4 reference. To compare them, all spectra are normalized to 1.0 by dividing each spectrum







where C is a constant and m is a constant that depends on the optical transition mode, the direct and
indirect optical band-gap values, Eg,direct (eV) and Eg,indirect (eV) are obtained by plotting, respectively,
(F(R∞)hν)2 and (F(R∞)hν)1/2 as functions of the photon energy hν and by determining the intersection
of the linear part of the curve and the x-axis [8,42].
X-ray photoelectron spectra are obtained with a SSI-X-probe (SSX-100/206) spectrometer equipped
with a monochromatized microfocused Al X-ray source (1486.6 eV), operating at 10 kV and 20 mA.
Samples are placed in the analysis chamber, where the residual pressure was of about 10−6 Pa.
The charging effect is adjusted using flood gun energy at 8 eV and a fine-meshed nickel grid placed
3 mm above the sample surface [43]. The pass energy is 150 eV, and the spot size is 1.4 mm2. Angle
between the normal to the sample surface and the direction of electron collection is 55◦. Under these
conditions, the mid-height width (FWHM) of the Au 4f7/2 peak photo-peak measured on a standard
sample of cleaned gold is about 1.6 eV. The following sequence of spectra is recorded: general spectrum,
C 1s, O 1s, N 1s and Ti 2p and again C 1s to check the stability of charge compensation with time and
absence of degradation of the samples.
The C–(C,H) component of the carbon C 1s peak is fixed at 284.8 eV to calibrate the scale in
binding energy. Two other components of the carbon peak (C–(O,N), C=O or O–C–O) are resolved,
notably to determine the amount of oxygen due to contamination. The O–C=O component that would
show up at slightly higher binding energy is not observed in our samples. Data processing is carried
out with the CasaXPS program (Casa Software Ltd., Teignmouth, UK). Some spectra are decomposed
using the Gaussian and Lorentzian function product model (least squares fitting) after subtraction of
a nonlinear baseline [44]. The molar fractions are calculated using the normalized peak areas based on
acquisition parameters and sensitivity factors supplied by the manufacturer.
2.3. Photocatalytic Tests
The photocatalytic activity of the samples in the form of powders is evaluated by following the
degradation of p-nitrophenol (PNP) after 0, 8 and 24 h, in triplicate, in water medium. For each test,







where [PNP]i represents the residual concentration of PNP at time t = i h and [PNP]0 represents the
initial concentration of PNP at time t = 0 h.
The photocatalytic activity of the samples is estimated under halogen light (UV/visible light)
and under the same lamp covered with a UV-filter that removes wavelengths lower than 390 nm,
this condition will be called low-energy light [9]. The experimental setup is shown in [8,45]. The test
is the same as the procedure described in [8,9]. The concentration of PNP is estimated by UV/Vis
spectroscopy (GENESYS 10S UV–Vis from Thermo Scientific, Waltham, MA, USA) at 318 nm. For each
catalyst tested, three flasks are exposed to light to calculate the PNP degradation and one is kept in
the dark (dark test) to evaluate PNP adsorption on the samples [8,9]. Additionally, a flask with only
PNP without any catalyst is exposed to the light for 24 h (blank test), to show that no natural PNP
concentration occurs under halogen illumination. In each flask, the initial concentration of catalyst and
PNP are 1 g·L−1 and 10−4 M, respectively [8,9]; the initial pH is 4. Experiments are conducted in test
tubes fitted with a sealing cap. These tubes are placed in a cylindrical glass reactor with the halogen
lamp in the center. The halogen lamp has a continuous spectrum from 300 nm (or 390 nm with UV
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filter) to 800 nm (300 W, 220 V), measured with a Mini-Spectrometer TM-UV/vis C10082MD from
Hamamatsu (Hamamatsu, Japan) [8,9]. The reactor is maintained at constant temperature (20 ◦C) by a
cooling system that functions by recirculating water; the lamp is also cooled by a similar system [8,9].
Aluminum foil is used to cover the outer wall of the reactor to prevent any interactions with the room
lighting. The volume of each flask is 10 mL, agitated by a magnetic stirrer. The PNP degradation due
to photocatalysis is equal to the total PNP degradation minus the PNP adsorption estimated with the
dark test [8,9].
3. Results
3.1. X-ray Diffraction (XRD) of TiO2 Samples
Figure 1 represents the XRD patterns for TiO2 pure B sample and ethylenediamine-doped samples.
For TiO2 pure B sample, mainly anatase peaks are observed (reference pattern (A)), along with
a peak corresponding to brookite phase at around 31◦ (reference pattern (B)). The phase distribution
calculated with “Profex” [36] is given in Table 1. Indeed, the anatase phase is the main crystalline
phase of this sample, corresponding to 75% of the sample, the brookite phase amounts to around 10%,
and the amorphous fraction corresponds to 15%.
Figure 1. X-ray diffraction (XRD) patterns of ethylenediamine-doped samples: () TiO2 pure B, ()
TiO2/EtDN1, (N) TiO2/EtDN2, ( ) TiO2/EtDN4 and (×) TiO2/EtDN10. (A) reference pattern of
anatase, (B) reference pattern of brookite and (R) reference pattern of rutile.
When the amount of ethylenediamine increases, the intensity of rutile peaks increases and that of
anatase peaks decreases. This observation is confirmed by the phase distribution in Table 1; for example,
for the TiO2/EtDN1 sample, the repartition is 65% anatase, 10% rutile and 5% brookite, while for
the TiO2/EtDN10 sample, the repartition is modified, with 20% anatase, 40% rutile and 5% brookite.
The TiO2/EtDN10 sample has the biggest amorphous fraction, reaching 35%.
For the TiO2 pure A sample, the urea-doped and trimethylamine-doped samples (not shown),
the same XRD patterns are observed as for the TiO2 pure B sample (mainly anatase + a small fraction
of brookite phase). For these samples, the phase distributions are given in Table 1. Similar repartitions
are obtained with mainly anatase (65–75%), a small amount of brookite (5–10%) and an amorphous
fraction (20–30%).
The crystallite size can be estimated from XRD patterns using the Scherrer formula (Equation (1)).
For all samples, similar sizes are obtained between 4 and 8 nm (Table 1). When several phases are
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present, the size is estimated on specific peaks corresponding to each of the different phases. If different
values are obtained, it is mentioned in Table 1 (as for TiO2/EtDN4 sample, where anatase crystallites
are around 5 nm and rutile around 8 nm). The formation of rutile phase in ethylenediamine-doped
samples seems to produce larger crystallites (Table 1).
3.2. TEMMicrographs
TEM micrographs for some samples at different magnifications are presented in Figure 2. For all
samples, TiO2 aggregates are observed; these aggregates are composed of TiO2 nanoparticles with
spherical shapes. The particles are not perfectly separated from each other because the material was
first dried and then deposited on the TEM grid for measurement; additionally, the TiO2 nanoparticles
are not very clearly observable by TEM because of their relatively low contrast in bright-field TEM
conditions [9]. TiO2 nanoparticles have a size of about 5–7 nm. The TiO2 average size estimated from
TEM (dTEM) is similar to that estimated from XRD (dXRD, Table 1).
Figure 2. TEM micrographs of samples: (A) TiO2 pur, (B) TiO2/U2, (C) TiO2/EtDN4 and (D)
TiO2/Et3N42. Primary nanoparticles are highlighted by red lines.
Table 1. Textural and optical properties of TiO2-based photocatalysts.
Sample
Phase Distribution dXRD SBET VDR dBET dTEM Eg,direct Eg,indirect
(%) (nm) (m2g−1) (cm3g−1) (nm) (nm) (eV) (eV)
±5 ±1 ±5 ±0.01 ±1 ±1 ±0.01 ±0.01
TiO2 pure A Am[25%] + A[65%] + B[10%] 4 205 0.11 8 5 3.35 3.06
TiO2/U1 Am[30%] + A[65% ]+ B[5%] 5 235 0.15 7 6 3.25 2.97
TiO2/U2 Am[30%] + A[65%] + B[5%] 4 255 0.16 6 6 3.24 2.97
TiO2/U4 Am[30%] + A[65%] + B[5%] 4 260 0.16 6 7 3.27 3.04
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Table 1. Cont.
Sample
Phase Distribution dXRD SBET VDR dBET dTEM Eg,direct Eg,indirect
(%) (nm) (m2g−1) (cm3g−1) (nm) (nm) (eV) (eV)
±5 ±1 ±5 ±0.01 ±1 ±1 ±0.01 ±0.01
TiO2/U10 Am[25%] + A[70%] + B[5%] 4 270 0.16 6 5 3.36 3.05
TiO2 pure B Am[15%] + A[75%] + B[10%] 4 195 0.10 8 5 3.42 3.12
TiO2/EtDN1 Am[20%] + A[65%] + B[5%] + R[10%] 7 225 0.13 7 6 3.30 2.94
TiO2/EtDN2 Am[15%] + A[60%] + B[5%] + R[20%] 4 240 0.13 6 6 3.39 2.99
TiO2/EtDN4 Am[15%] + A[45%] + B[5%] + R[35%] 5 a–8 b 195 0.11 8 7 3.30 2.94
TiO2/EtDN10 Am[35%] + A[20%] + B[5%] + R[40%] 8 185 0.11 8 5 3.43 2.96
TiO2/Et3N28 Am[25%] + A[70%] + B[5%] 4 230 0.13 7 5 -c -c
TiO2/Et3N42 Am[20%] + A[75%] + B[5%] 4 275 0.16 6 6 -c -c
TiO2/U2-LS Am[30%] + A[65%] + B[5%] 6 245 0.15 6 7 -d -d
Am: amorphous TiO2 phase; A: anatase TiO2 phase; B: Brookite TiO2 phase; R: rutile TiO2 phase; dXRD: mean
diameter of TiO2 crystallites measured by the Scherrer method; a measured from anatase peak; b measured from
rutile peak; SBET: specific surface area determined by the BET method; VDR: specific micropore volume determined
by Dubinin–Raduskevitch theory; dBET: mean diameter of TiO2 nanoparticles calculated from SBET values; dTEM:
mean diameter of TiO2 nanoparticles measured by TEM; Eg,direct: direct optical band-gap values calculated using the
transformed Kubelka–Munk function; Eg,indirect: indirect optical band-gap values calculated using the transformed
Kubelka–Munk function; -c not applicable; -d not measured.
3.3. Sample Textural Properties
The textural properties of the samples are summarized in Table 1. Figures 3 and 4 represent
the raw nitrogen adsorption-desorption isotherms for the urea-doped and ethylenediamine-doped
samples, respectively, with the corresponding pure TiO2 sample as reference.
For both pure TiO2 samples, the isotherms are characterized by a sharp increase at low relative
pressure followed by a plateau, corresponding to type I isotherms (microporous materials) according
to the BDDT classification [38].
For the urea-doped samples (Figure 3), the same shape of isotherms is obtained for the 4 samples,
presenting a sharp increase at low pressure, and a triangular hysteresis followed by a plateau.
This type of isotherm corresponds to a mix of type I (microporous materials) and IV (mesoporous
materials) isotherms according to the BDDT classification [38]. The specific surface area, SBET, and the
microporous volume, VDR, increase with the amount of urea introduced in the synthesis (Table 1).
Figure 3. Nitrogen adsorption-desorption isotherms of urea doped samples: () TiO2 pure A,
(N) TiO2/U1, (×) TiO2/U2, ( ) TiO2/U4 and () TiO2/U10.
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For the ethylenediamine-doped samples (Figure 4), the same shape of isotherms is obtained for
the 3 first samples, presenting a sharp increase at low pressure, and a triangular hysteresis followed
by a plateau. This type of isotherm corresponds to a mix of type I (microporous materials) and IV
(mesoporous materials) isotherms according to the BDDT classification [38]. The TiO2/EtDN10 sample
presents a different shape, with a less marked nitrogen uptake at low p/p0 values and a hysteresis
extending from p/p0 = 0.5 to p/p0 = 1,which corresponds to larger mesopores [46]. This type of isotherm
corresponds to a mix of type I (microporous materials) and IV (mesoporous materials) isotherms
according to the BDDT classification [38]. The specific surface area, SBET, and the microporous volume,
VDR, first increases with the doping ratio then decreases (Table 1).
Figure 4. Nitrogen adsorption-desorption isotherms of ethylenediamine doped samples: () TiO2 pure
B, (N) TiO2/EtDN1, (×) TiO2/EtDN2, ( ) TiO2/EtDN4 and () TiO2/EtDN10.
For the trimethylamine-doped samples, similar isotherms compared to isotherms for the
urea-doped samples are obtained (as Figure 3), corresponding to a mix of type I (microporous materials)
and IV (mesoporous materials) isotherms according to the BDDT classification [38]. The specific surface
area, SBET, and the microporous volume, VDR, increase with the amount of triethylamine (Table 1).
For all samples, an estimation of TiO2 nanoparticles sizes (dBET) can be calculated from
Equation (2), and in all cases, the TiO2 sizes are between 6–8 nm (Table 1), corresponding to both the
TEM and XRD estimates.
3.4. Optical Properties
The evolution of the normalized Kubelka–Munk function F(R∞) with wavelength (λ) is presented
for TiO2 pure A, TiO2/U2, TiO2 pure B and TiO2/EtDN4 samples in Figure 5. The TiO2 pure A and
B samples present absorption at 360 nm, while for both N-doped samples, the absorption is shifted
towards higher wavelengths. Both samples present the largest shift in their respective series. For the
other doped samples, although smaller, shifts towards the visible domain are also observed. The direct
and indirect band gaps are calculated for all samples (Table 1); a decrease in the band gap value
is observed for the N-doped samples compared to the corresponding pure TiO2 samples. For the
triethylamine doped samples, the absorption spectrum is not exploitable because of the dark color of
the sample; therefore, the band gap values cannot be properly calculated.
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Figure 5. Normalized Kubelka–Munk function F(R∞) calculated from DR-UV–Vis spectra for samples:
() TiO2 pure A, (N)TiO2/U2 samples, () TiO2 pure B and ( )TiO2/EtDN4 samples.
3.5. XPS Measurements
The general XPS spectrum for the TiO2 pure B sample is presented in Figure 6. The different peaks
for carbon, oxygen and titanium are indexed. It is important to note that nitrogen is present in the TiO2
reference sample. N 1s, Ti 2p, O 1s and C 1s spectra are presented on Figure 7. For all samples, similar
spectra are obtained. On the Ti 2p spectrum (Figure 7c), the Ti 2p1/2 and Ti 2p3/2 are observed at 464.1
and 458.5 eV, respectively, and are attributed to Ti4+ species, and thus to TiO2. No differences between
samples are noticeable in the Ti 2p area. Indeed, the shift to a slightly lower binding energy induced
by a change in the titanium chemical environment (as in the case of Ti–O–N bonding) would be too
small to be distinguished from the main peak [47]. On the other hand, the systematic absence of a peak
around 455–456 eV excludes the presence of Ti–N species.
The C 1s contribution is divided into three components (Figure 7a). The C–(C,H) contribution
at 248.8 eV is a classical aliphatic carbon contamination used to calibrate the measurements. In our
standard routine procedure for decomposing the C 1s contribution, we define the contribution of
carbon involved in simple bond with O or N at 1.5 eV higher (286.3 eV). The signal at a binding energy
of around 289 eV is attributed to the contribution of C doubly bonded to O. The pure TiO2 samples
contain 17 to 19% (C–H) component. The other samples show comparable decomposition of the C
signal. This suggests that there are no remaining organic compounds present.
Figure 6. XPS general spectrum of TiO2 pure B sample.
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Figure 7. XPS spectra of TiO2 pure B sample: (A) C 1s region, (B) O 1s region, (C) Ti 2p region and (D)
N 1s region.
The O 1s contribution (Figure 7b) is decomposed into 3 peaks. The main one at 530 eV corresponds
to Ti–O in TiO2. For each sample, the O 1s (530 eV)/Ti 2p ratio is close to 2, corresponding to
stoichiometric TiO2. The two other components at higher binding energy are complicated to attribute,
as they correspond to oxygen bonded to carbon due to carbon contamination and/or nitrogen bonding
(N–O–Ti, N=O) [47].
For the N 1s spectrum (Figure 7d), a peak centered on 400 eV is observed. For 3 samples (TiO2 pure A,
TiO2/EtDN2 and TiO2/EtDN4), a small peak around 407 eV was also observed. This peak has been
attributed to residual nitrate due to the residual nitric acid from the synthesis. This contribution
was not taken into account in the latter quantification. In the literature, a N 1s peak around 400 eV
may correspond to many contributions such as NHx, NOx, NHOH potentially due to impurities
but also interstitial Ti–O–N [47,48]. Substitutional Ti–N–O can be excluded in our case, since the
specific corresponding peak around 395 eV is never observed. At this stage, the complexity of
the decomposition of the N 1s peak does not allow to claim the presence of Ti–O–N species only.
An estimation of the amount of nitrogen present in the samples (N/Ti molar ratio) is presented in
Figure 8 and Table 2 for each series in front of the corresponding pure TiO2 sample. An increase in
the amount of nitrogen is observed with the three precursors. For each series, a sample presents a
maximum in nitrogen concentration: TiO2/U2, TiO2/EtDN2 and TiO2/Et3N28 show the three maxima
for the urea, the ethylenediamine and the triethylamine doping, respectively. The highest nitrogen
amount is obtained with TiO2/Et3N28 sample with a N/Ti molar ratio of 0.32. The results are presented
in Figure 8 and Table 2, and are illustrated in Figure 9 for the triethylamine series.
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Figure 8. Estimated N/Ti molar ratio calculated from XPS measurements.
Figure 9. Comparison of normalized N 1s region XPS spectra of TiO2 pure B, TiO2/Et3N28 and
TiO2/Et3N42 samples.
3.6. Photocatalytic Activity
3.6.1. Under UV/Visible Light
For each sample, the test in the dark shows no PNP adsorption on the catalyst. Moreover,
no spontaneous PNP degradation appears under UV/visible light in the absence of the catalyst.
The catalytic test is performed over 24 h with an estimation of PNP degradation (DPNPi,%) after i = 0,
8 and 24 h. DPNP8 is used to compare the different catalytic activities of the samples because the
differences between catalysts are the most noticeable after 8 hours of activitiy [9].
DPNP8 is presented in Figure 10 (dark grey) and in Table 2 for all samples. For both TiO2
pure A and B samples, the same activity is obtained at around 50%. Concerning the urea- and
trimethylamine-doped samples, the photoactivity stays nearly constant for each sample at around
45–50% of PNP degradation. For the ethylenediamine-doped samples, the activity decreases for
all samples when the amount of ethylenediamine increases except for the TiO2/EtDN4 sample,
which presents 45% of PNP degradation.
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If the photocatalytic activity is divided by the specific surface area, SBET, the same observations
can be made (Figure 11 in dark grey).










(%) (% g·m−2) (%) (% g·m−2) (mol/mol)
±3 ±0.02 ±3 ±0.02
TiO2 pure A 47 0.23 28 0.14 0.07
TiO2/U1 43 0.18 42 0.18 0.06
TiO2/U2 44 0.17 41 0.16 0.09
TiO2/U4 45 0.17 41 0.16 0.08
TiO2/U10 44 0.16 38 0.14 0.08
TiO2 pure B 50 0.26 20 0.10 0.08
TiO2/EtDN1 38 0.17 31 0.14 0.08
TiO2/EtDN2 39 0.16 31 0.13 0.12
TiO2/EtDN4 45 0.23 33 0.17 0.11
TiO2/EtDN10 25 0.14 28 0.15 0.06
TiO2/Et3N28 43 0.19 43 0.19 0.32
TiO2/Et3N42 49 0.18 69 0.25 0.13
TiO2/U2-LS 46 0.19 43 0.18 -a
DPNP8: the degradation percentage of PNP after 8 h of illumination; DPNP24: the degradation percentage of PNP
after 24 h of illumination, values in% g·m−2 are obtained by dividing values in% by SBET; N/Ti: molar ration
between N and Ti measured by XPS; -a not measured.
Figure 10. PNP degradation (%) for all samples under UV/visible light after 8 h of irradiation
(dark grey) and under low-energy light (with filter to remove λ lower than 390 nm) after 24 h of
irradiation (light grey).
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Figure 11. PNP degradation (% g·m−2) calculated by dividing the PNP degradation in% by SBET
for all the samples under UV/visible after 8 h of irradiation (dark grey) and under low-energy light
(with filter to remove λ lower than 390 nm) after 24 h of irradiation (light grey).
3.6.2. Under Low-Energy Light (λ > 390 nm)
For low-energy light conditions, DPNP24 is used to compare the different catalytic activities of
samples because under visible light, the reactions are slower [9].
DPNP24 is presented in Figure 10 (light grey) and Table 2 for all samples. For TiO2 pure A and B
samples, the activity is slightly different between both syntheses with values of 28 and 20% for the
PNP degradation respectively. For the urea-doped samples, the photoactivity increases compared to
the corresponding TiO2 pure A sample, exhibiting between 39% and 42% PNP degradation. For the
ethylenediamine-doped samples, the photoactivity also increases compared to the corresponding TiO2
pure B sample, with the optimal value being obtained for the TiO2/EtDN4 sample, with 33% PNP
degradation. For the trimethylamine-doped samples, the photoactivity also increases compared to
the corresponding TiO2 pure B sample with the optimal value obtained for the TiO2/Et3N42 sample,
with 69% PNP degradation.
If the activity is divided by the specific surface area, SBET, the same observations can be made
(Figure 11, in light grey).
Concerning the use of UV/visible spectroscopy to measure the PNP degradation, it has been
reported in the literature [49,50] that the presence of intermediate species associated with the partial
degradation of PNP can be detected by the presence of peaks corresponding to the intermediates
(4-nitrocatechol, 1,2,4-benzenetriol, hydroquinone) in the UV/Vis spectrum measured between 200 and
500 nm after several hours under illumination [9]. In the present study, no supplementary peaks
are measured in the UV/Vis spectra between 200 and 500 nm, which is consistent with the complete
mineralization of the pollutant, and therefore it is concluded that the photocatalysts developed in this
study promote the complete mineralization of PNP [9]. Furthermore, total mineralization of PNP during
homologous photocatalytic tests on a similar installation has been shown in a previous work [9,10].
3.7. Characterization of the Large-Scale Urea-Doped TiO2 Photocatalyst
A urea-doped TiO2 sample (TiO2/U2-LS) is successfully synthesized at a large scale (5 L). It is
characterized by XRD and BET measurements, and its photocatalytic activity is tested. All the results
are shown in Tables 1 and 2. Concerning the physico-chemical properties, analogous characteristics are
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obtained compared to the laboratory scale sample (TiO2/U2), with mainly anatase TiO2 nanoparticles
with a size of 7 nm and an SBET value of 245 m2·g−1 (Table 1). For the photocatalytic activity, similar
values are obtained as for the laboratory scale sample under UV/visible and low-energy light, namely
46% and 43%, respectively (Table 2).
4. Discussion
All these syntheses are based on the precipitation-acidic peptization of a titanium precursor, where the
acid allows dissolving amorphous TiO2 precipitate by hydrolysis followed by the crystallization of
small TiO2 nanoparticles. This leads to the formation of stable crystalline TiO2 colloids [51].
4.1. Crystallinity and Texture of TiO2 Based Samples
Urea and triethylamine doping does not influence the crystallinity of the samples. Indeed, the TiO2
phase distribution stays nearly constant between the pure and doped samples (Table 1). For these
dopings, the synthesis conditions have not been modified and so same crystalline phases are obtained
(anatase and brookite, Table 1). On the opposite, ethylenediamine doping modifies clearly the TiO2
phase distribution leading to the formation of rutile TiO2 when the amount of dopant increases
(Table 1). For these syntheses, the amount of nitric acid has to be increased to obtain a peptization
process of titania precursor. Indeed, ethylenediamine has a strong basic character [52], which requires
more acid to reach peptization. In this case, if the amount of acid is increased, more oxolation bonds
between titanium atoms are broken and more OH groups are produced around a single titanium
atom [53], which facilitates the crystallization of TiO2 in its most thermodynamically stable phase, i.e.,
the rutile phase [51,53].
Concerning the shape of the samples, TEM pictures, BET measurements and XRD crystallite size
(Table 1), similar values between 4 and 8 nm are obtained. It is assumed that the samples are made of
TiO2 nanoparticles where a nanoparticle corresponds to a crystallite [7,54].
For the influence of doping on the texture, a modification of the isotherms compared to pure TiO2
samples is observed. Indeed, doping leads to the formation of mesopores. For urea and triethylamine
doping, the addition of dopant modifies the electrostatic interactions between the TiO2 particles
due to the incorporation of nitrogen, leading to a different particle stacking compared to pure TiO2
samples when the samples are dried [54]. The difference of stacking between pure and doped TiO2
nanoparticles has been previously described in [54]; it becomes less compact with doping which
creates the mesoporosity [54]. Concerning ethylenediamine doping, two effects modify the isotherms:
(i) the modification of the electrostatic interactions between the TiO2 particles due to the incorporation
of nitrogen as for the other dopings, and (ii) the modification of the crystalline phase distribution.
In this second case, the apparition of rutile induces a change in the shape of the N2 physisorption
isotherm as described in [18]. Indeed, when the amount of ethylenediamine increases, mesopores
appear (hysteresis of TiO2/EtDN10 sample on Figure 4) due to the effect of N-doping and the amount
of rutile remains <20%. However, when the amount of rutile exceeds 50%, the hysteresis is modified
and reveals larger pores due to the rutile [18], which seems to produce larger rutile crystallite of 8 nm
compared to anatase crystallite of 5 nm (dXRD in Table 1). Concerning the two pure TiO2 syntheses,
these lead to similar materials as their specific surface area, crystalline phase and particle shapes are
analogous (Table 1).
4.2. Photoactivity and N-Doping
For pure TiO2 samples, the degradation of PNP (DPNPi) is 47 and 50% after 8 h under UV/visible
light for TiO2 pure A and B, respectively, while it is 28 and 20% after 24 h under low-energy light.
The activity under low-energy light is the characteristic of interest in this research, as an efficient visible
photocatalyst is aimed for. This low-energy light is mainly “visible light”, as the UV filter removes
λ < 390 nm.
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If both syntheses are compared, similar activities are obtained, which is consistent with the
same type of materials that are observed through the characterizations (Table 1). An activity under
low-energy light is observed for both catalysts. At the same time, XPS measurements (Figures 7d
and 8) show that nitrogen is still present in both pure materials, with the peak at 400 eV seeming to
correspond to Ti–O–N bonds [55,56]. So, a small nitrogen doping has occurred due to nitric acid used
during the synthesis. A comparison is made with the commercial Degussa P25 catalyst, which has no
trace of nitrogen [57] and is poorly active under visible light [57,58]. In this case, the PNP degradation
after 24 h is merely 10%, which could be induced by the remaining UV radiation, which is not removed
by the UV filter as explained above. Therefore, the TiO2 pure A and B samples have an activity under
low energy (and better than P25) not only due to the remaining UV light, but likely due to a trace
of N-doping.
Concerning the N-doped samples, an increase in the activity is observed for all samples compared
to the corresponding pure TiO2 materials. All samples present a peak at 400 eV, which may correspond
to Ti–O–N bonds [47,48,55,56].
For the urea-doped samples, XPS measurements (Figure 8) and diffuse reflectance spectroscopy
(Figure 5) show an N-doping higher than the corresponding TiO2 pure A sample and a reduction of the
band gap value (Table 1). In this case, the nitrogen doping has been effective. As explained in [30,31,33],
nitrogen doping can reduce the band gap by creating an intermediate band for the electron below the
conduction band or above the valence band (Figure 12). It seems that in the four samples, the amount
of nitrogen introduced in the samples is quite similar, even if different amounts were added during the
synthesis, leading to materials with similar photocatalytic activity (DPNP24 between 37 and 42%) and
optical properties (similar band gaps, Table 1). Urea seems to be a N precursor effective for doping,
leading to visible active photocatalyst as described in [23].
Concerning the ethylenediamine-doped samples, the doping seems to also produce effective
visible photocatalysts. Indeed, the activity increases for the four samples (Table 2), along with
the band gap decreases (Table 1), and the amount of nitrogen increases for the TiO2/EtDN2 and
TiO2/EtDN4 samples (Figure 8). The activity under low-energy light evolves, depending on the
amount of nitrogen; when the amount increases, the activity increases (from samples TiO2/EtDN1 to
TiO2/EtDN4, see Table 2 and Figure 8), but for the TiO2/EtDN10 sample when the amount decreases,
the activity decreases. The bad gap values follow the same trend (Table 1). Another important
aspect for this series is that rutile TiO2 is present in different percentages for the different samples,
which can impact the photocatalytic activity. The rutile phase increases from TiO2/EtDN1 sample to
TiO2/EtDN10 sample, but rutile is a less active phase than the anatase phase [6] and is also poorly
active under visible light [6,24]. Therefore, the activity would decrease through the samples, but it
is not observed under UV/visible light. Hence, the N-doping is successful and clearly linked to
the activity of samples. On the other hand, a synergetic effect between anatase and rutile can also
exist [24], leading to a better activity for the TiO2/EtDN4 sample with the composition of 45% anatase
and 35% rutile. This synergetic effect is also observed for Degussa P25, which has a composition of
80% anatase and 20% rutile [59]. A same mechanism for nitrogen doping as for urea doping can thus
be considered (Figure 12).
For the trimethylamine-doped samples, the best activity is observed especially for the
TiO2/Et3N42 sample, which reaches 69% PNP degradation. For this series of samples, the band
gap values are not available as explained in Section 3.4. Only XPS measurements can therefore be used
and show an increased nitrogen amount compared to the TiO2 pure B sample (Figure 8), and that the
N amount is the highest, when compared to the other series of samples. The very good activity shows
that the N-doping is effective as described in [23,55] and a same mechanism for nitrogen doping as for
urea and ethylenediamine doping can thus be considered (Figure 12).
The three precursors show that visible N-doped catalyst is obtained at low temperature, and that
triethylamine seems to be the best nitrogenous agent, but requires the largest amount of precursors
for doping.
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Figure 12. Effect of N-doping on TiO2 photocatalysis.
4.3. Large-Scale Synthesis
For a visible light application, large amounts of catalyst will be needed, this is why a large-scale
synthesis of N-doped TiO2 of 5 L has been performed. The urea precursor is chosen because of its
easy availability, low cost and low toxicity [60]. The urea/Ti precursor ratio of 2 has been chosen
according the good results obtained for the TiO2/U2 sample at laboratory scale, and is thereby denoted
TiO2/U2-LS.
The results show that the large-scale synthesis does not influence the physico-chemical and
photocatalytic properties of urea-doped TiO2 samples (Tables 1 and 2). The PNP degradation of this
large-scale sample is also higher than P25 activity under low-energy light (Table 2).
If this sample is compared to the commercial catalyst Degussa P25, the main advantages are the
following [9]: (i) crystalline urea-doped TiO2 samples are obtained without a calcination step; (ii) the
synthesis is better for the environment, as water is the solvent (low use of organic compounds); (iii) the
synthesis protocol is easy; (iv) the only cost is the TiO2 precursor (titanium tetraisopropoxide) and
urea, while the synthesis of commercial Degussa P25 involves the use of an aerosol process, which is
known to be expensive, environmentally “unfriendly”, and involves high-temperature treatments
(1000–1300 ◦C) [7,61]; and (v) the sample is 4 times more active than P25 under visible light.
5. Conclusions
In this chapter, the previously developed aqueous titania sol-gel synthesis is doped with
nitrogen precursors to extend its activity towards visible region. Three N-precursors are used: urea,
ethylenediamine and triethylamine. Different molar ratios have been tested for each dopant. Results
showed the formation of anatase-brookite TiO2 nanoparticles of 6–8 nm with a specific surface
area of between 200 and 275 m2·g−1 for the urea and triethylamine series. Using ethylenediamine,
the formation of rutile phase is observed when the amount of ethylenediamine increases due to the
addition of nitric acid in order to maintain the peptization process. In this series, TiO2 nanoparticles of
6–8 nm are also obtained with a specific surface area between 185 and 240 m2·g−1.
The combination of XPS and diffuse reflectance measurements suggests the incorporation of
nitrogen in the TiO2 materials through Ti–O–N bonds, allowing absorption in the visible region.
Catalytic tests show a marked improvement of performance under visible radiation for all doped
catalysts in the remediation of polluted water with p-nitrophenol. In this case, nitrogen doping can
reduce the band gap by creating an intermediate band for the electrons below the conduction band or
above the valence band, allowing activity in the visible range.
The best doping, taking into account cost, activity and ease of synthesis, is up-scaled to a volume
of 5 L and compared to the commercial Degussa P25 material. This urea-doped large-scale catalyst
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shows analogous properties as the lab-scale corresponding synthesis and photoactivity 4 times higher
than the commercial catalysts Degussa P25.
Acknowledgments: Stéphanie D. Lambert thanks the Belgian National Funds for Scientific Research
(F.R.S.-F.N.R.S.) for her Associate Researcher position. The authors also thank the Ministère de la Région Wallonne
Direction Générale des Technologies, de la Recherche et de l’Energie (DG06).
Author Contributions: Julien G. Mahy and Vincent Cerfontaine conceived and performed the photocatalysts
syntheses, their morphological characterizations and their photocatalytic activity tests ; François Devred and
Eric M. Gaigneaux performed and analyzed the XPS data; Dirk Poelman performed and analyzed the diffuse
reflectance data; Julien G. Mahy, Benoît Heinrichs and Stéphanie D. Lambert wrote the paper and analyzed all the
data; all the authors corrected the paper before submission and after the reviewer comments.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental Applications of Semiconductor
Photocatalysis. Chem. Rev. 1995, 95, 69–96. [CrossRef]
2. Mills, A.; Le Hunte, S. An overview of semiconductor photocatalysis. J. Photochem. Photobiol. A Chem. 1997,
108, 1–35. [CrossRef]
3. Di Paola, A.; García-López, E.; Marcì, G.; Palmisano, L. A survey of photocatalytic materials for
environmental remediation. J. Hazard. Mater. 2012, 211–212, 3–29. [CrossRef] [PubMed]
4. Rauf, M.A.; Ashraf, S.S. Fundamental principles and application of heterogeneous photocatalytic degradation
of dyes in solution. Chem. Eng. J. 2009, 151, 10–18. [CrossRef]
5. Fujishima, A.; Hashimoto, K.; Watanabe, T. TiO2 Photocatalysis: Fundamentals and Applications; BKC, Inc.:
Tokyo, Japan, 1999.
6. Carp, O. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 2004, 32, 33–177. [CrossRef]
7. Malengreaux, C.M.; Douven, S.; Poelman, D.; Heinrichs, B.; Bartlett, J.R. An ambient temperature aqueous
sol–gel processing of efficient nanocrystalline doped TiO2-based photocatalysts for the degradation of
organic pollutants. J. Sol-Gel Sci. Technol. 2014, 71, 557–570. [CrossRef]
8. Mahy, J.G.; Leonard, G.L.-M.; Pirard, S.; Wicky, D.; Daniel, A.; Archambeau, C.; Liquet, D.; Heinrichs, B.
Aqueous sol-gel synthesis and film deposition methods for the large-scale manufacture of coated steel with
self-cleaning properties. J. Sol-Gel Sci. Technol. 2017, 81, 27–35. [CrossRef]
9. Mahy, J.G.; Lambert, S.D.; Leonard, G.L.-M.; Zubiaur, A.; Olu, P.-Y.; Mahmoud, A.; Boschini, F.; Heinrichs, B.
Towards a large scale aqueous sol-gel synthesis of doped TiO2: Study of various metallic dopings for the
photocatalytic degradation of p-nitrophenol. J. Photochem. Photobiol. A Chem. 2016, 329, 189–202. [CrossRef]
10. Malengreaux, C.M.; Léonard, G.M.-L.; Pirard, S.L.; Cimieri, I.; Lambert, S.D.; Bartlett, J.R.; Heinrichs, B.
How to modify the photocatalytic activity of TiO2 thin films through their roughness by using additives.
A relation between kinetics, morphology and synthesis. Chem. Eng. J. 2014, 243, 537–548. [CrossRef]
11. Tasseroul, L.; Pirard, S.L.; Lambert, S.D.; Páez, C.A.; Poelman, D.; Pirard, J.-P.; Heinrichs, B. Kinetic study of
p-nitrophenol photodegradation with modified TiO2 xerogels. Chem. Eng. J. 2012, 191, 441–450. [CrossRef]
12. Anderson, C.; Bard, A.J. An Improved Photocatalyst of TiO2/SiO2 Prepared by a Sol-Gel Synthesis.
J. Phys. Chem. 1995, 99, 9882–9885. [CrossRef]
13. Gratzel, M. Sol-gel processed TiO2 films for photovoltaic applications. J. Sol-Gel Sci. Technol. 2001, 22, 7–13.
[CrossRef]
14. Brinker, C.J.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Academic Press:
San Diego, CA, USA, 1990.
15. Kapusuz, D.; Park, J.; Ozturk, A. Effect of initial water content and calcination temperature on photocatalytic
properties of TiO2 nanopowders synthesized by the sol-gel process. Ceram. Int. 2015, 41, 12788–12797.
[CrossRef]
16. Malengreaux, C.M.; Timmermans, A.; Pirard, S.L.; Lambert, S.D.; Pirard, J.-P.; Poelman, D.; Heinrichs, B.
Optimized deposition of TiO2 thin films produced by a non-aqueous sol–gel method and quantification of
their photocatalytic activity. Chem. Eng. J. 2012, 195–196, 347–358. [CrossRef]
17. Schubert, U. Chemical modification of titanium alkoxides for sol–gel processing. J. Mater. Chem. 2005, 15,
3701–3715. [CrossRef]
Materials 2018, 11, 584 19 of 20
18. Khalil, K.M.S.; El-Khatib, R.M.; Ali, T.T.; Mahmoud, H.A.; Elsamahy, A.A. Titania nanoparticles by acidic
peptization of xerogel formed by hydrolysis of titanium(IV) isopropoxide under atmospheric humidity
conditions. Powder Technol. 2013, 245, 156–162. [CrossRef]
19. Mahshid, S.; Askari, M.; Ghamsari, M.S. Synthesis of TiO2 nanoparticles by hydrolysis and peptization of
titanium isopropoxide solution. J. Mater. Process. Technol. 2007, 189, 296–300. [CrossRef]
20. Braconnier, B.; Páez, C.A.; Lambert, S.D.; Alié, C.; Henrist, C.; Poelman, D.; Pirard, J.-P.; Cloots, R.; Heinrichs, B.
Ag- and SiO2-doped porous TiO2 with enhanced thermal stability. Microporous Mesoporous Mater. 2009, 122,
247–254. [CrossRef]
21. Di Paola, A.; Marcì, G.; Palmisano, L.; Schiavello, M.; Uosaki, K.; Ikeda, S.; Ohtani, B. Preparation of
polycrystalline Tio2 photocatalysts impregnated with various transition metal ions: Characterization and
photocatalytic activity for the degradation of 4-nitrophenol. J. Phys. Chem. B 2002, 106, 637–645. [CrossRef]
22. Ruggieri, F.; Di, D. Electrospun Cu-, W- and Fe-doped TiO2 nanofibres for photocatalytic degradation of
rhodamine 6G. J. Nanoparticle Res. 2013, 15, 1982. [CrossRef]
23. Qiu, X.; Burda, C. Chemically synthesized nitrogen-doped metal oxide nanoparticles. Chem. Phys. 2007, 339,
1–10. [CrossRef]
24. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; Hamilton, J.W.J.;
Byrne, J.A.; O’Shea, K.; et al. A review on the visible light active titanium dioxide photocatalysts for
environmental applications. Appl. Catal. B Environ. 2012, 125, 331–349. [CrossRef]
25. Di Valentin, C.; Pacchioni, G. Trends in non-metal doping of anatase TiO2: B, C, N and F. Catal. Today 2013,
206, 12–18. [CrossRef]
26. Di Valentin, C.; Pacchioni, G.; Selloni, A.; Livraghi, S.; Cozzi, V.R. Characterization of Paramagnetic Species
in N-Doped TiO2 Powders by EPR Spectroscopy and DFT Calculations. J. Phys. Chem. B Lett. 2005, 109,
11414–11419. [CrossRef] [PubMed]
27. Cheng, X.; Liu, H.; Chen, Q.; Li, J.; Wang, P. Electrochimica Acta Construction of N, S codoped TiO2 NCs
decorated TiO2 nano-tube array photoelectrode and its enhanced visible light photocatalytic mechanism.
Electrochim. Acta 2013, 103, 134–142. [CrossRef]
28. Selvaraj, A.; Sivakumar, S.; Ramasamy, A.K.; Balasubramanian, V. Photocatalytic degradation of triazine
dyes over N-doped TiO2 in solar radiation. Res. Chem. Intermed. 2013, 39, 2287–2302. [CrossRef]
29. Patel, N.; Dashora, A.; Jaiswal, R.; Fernandes, R.; Yadav, M.; Kothari, D.C.; Ahuja, B.L.; Miotello, A.
Experimental and Theoretical Investigations on the Activity and Stability of Substitutional and Interstitial
Boron in TiO2 Photocatalyst. J. Phys. Chem. C 2015, 119, 18581–18590. [CrossRef]
30. Iwase, M.; Yamada, K.; Kurisaki, T.; Prieto-mahaney, O.O.; Ohtani, B.; Wakita, H. Visible-light photocatalysis with
phosphorus-doped titanium (IV) oxide particles prepared using a phosphide compound. Appl. Catal. B Environ.
2013, 132–133, 39–44. [CrossRef]
31. Bodson, C.J.; Heinrichs, B.; Tasseroul, L.; Bied, C.; Mahy, J.G.; Wong Chi Man, M.; Lambert, S.D. Efficient P-
and Ag-doped titania for the photocatalytic degradation of waste water organic pollutants. J. Alloys Compd.
2016, 682, 144–153. [CrossRef]
32. Lee, C.; Hyeon, T.; Lee, H. Visible Light-Induced Degradation of Carbon Tetrachloride on. Environ. Sci. Technol.
2001, 35, 966–970.
33. Granados, G.O.; Páez, C.A.M.; Martínez, F.O.; Páez-Mozo, E.A. Photocatalytic degradation of phenol on
TiO2 and TiO2/Pt sensitized with metallophthalocyanines. Catal. Today 2005, 107–108, 589–594. [CrossRef]
34. Hu, L.; Wang, J.; Zhang, J.; Zhang, Q.; Liu, Z. An N-doped anatase/rutile TiO2 hybrid from low-temperature
direct nitridization: Enhanced photoactivity under UV-/visible-light. RSC Adv. 2014, 4, 420–427. [CrossRef]
35. Sing, K.S.W.; Rouquerol, J.; Bergeret, H.J.G.; Gallezot, P.; Vaarkamp, M.; Koningsberger, D.C.; Datye, A.K.;
Niemantsverdriet, J.W.; Butz, T.; Engelhardt, G.; et al. Handbook of Heterogenous Catalysis; Weitkamp, J., Ed.;
Wiley-VCH Verlag GmbH: Weinheim, Germany, 1997; pp. 428–582.
36. Doebelin, N.; Kleeberg, R. Profex: A graphical user interface for the Rietveld refinement program BGMN.
J. Appl. Crystallogr. 2015, 48, 1573–1580. [CrossRef] [PubMed]
37. Madsen, I.C.; Finney, R.J.; Flann, R.C.A.; Frost, M.T.; Wilson, B.W. Quantitative Analysis of High-alumina
Refractories Using X-ray Powder Diffraction Data and the Rietveld Method. J. Am. Ceram. Soc. 1991, 74,
619–624. [CrossRef]
38. Lecloux, A. Exploitation des isothermes d’adsorption et de désorption d’azote pour l’étude de la texture des
solides poreux. Mém. Soc. R. Sci. Liège 1971, 4, 169–209.
Materials 2018, 11, 584 20 of 20
39. KUBELKA, P. Ein Beitrag zur Optik der Farban striche. Z. Tech. Phys. 1931, 12, 593–603.
40. Kubelka, P. New contributions to the optics of intensely light-scattering materials. J. Opt. Soc. Am. 1948, 38,
448–457. [CrossRef] [PubMed]
41. Páez, C.A.; Poelman, D.; Pirard, J.P.; Heinrichs, B. Unpredictable photocatalytic ability of H2-reduced
rutile-TiO2 xerogel in the degradation of dye-pollutants under UV and visible light irradiation. Appl. Catal.
B Environ. 2010, 94, 263–271. [CrossRef]
42. Escobedo Morales, A.; Sánchez Mora, E.; Pal, U. Use of diffuse reflectance spectroscopy for optical
characterization of un-supported nanostructures. Rev. Mex. Fis. 2007, 53, 18–22.
43. Bryson, C.E. Surface potential control in XPS. Surf. Sci. 1987, 189/190, 50–58. [CrossRef]
44. Shirley, D.A. High-Resolution X-Ray Photoemission Spectrum of the Valence Bands of Gold. Phys. Rev. B
1972, 5, 4709–4714. [CrossRef]
45. Páez, C.A.; Liquet, D.Y.; Calberg, C.; Lambert, S.D.; Willems, I.; Germeau, A.; Pirard, J.P.; Heinrichs, B. Study
of photocatalytic decomposition of hydrogen peroxide over ramsdellite-MnO2 by O2-pressure monitoring.
Catal. Commun. 2011, 15, 132–136. [CrossRef]
46. Lambert, S.D.; Alie, C.; Pirard, J.P.; Heinrichs, B. Study of textural properties and nucleation phenomenon in
Pd/SiO2, Ag/SiO2 and Cu/SiO2 cogelled xerogel catalysts. J. Non-Cryst. Solids 2004, 342, 70–81. [CrossRef]
47. Azouani, R.; Tieng, S.; Chhor, K.; Bocquet, J.F.; Eloy, P.; Gaigneaux, E.M.; Klementiev, K.; Kanaev, A.V. TiO2
doping by hydroxyurea at the nucleation stage: Towards a new photocatalyst in the visible spectral range.
Phys. Chem. Chem. Phys. 2010, 12, 1–10. [CrossRef] [PubMed]
48. Bittencourt, C.; Rutar, M.; Umek, P.; Mrzel, A.; Vozel, K.; Arcon, D.; Henzler, K.; Krüger, P.; Guttmann, P.
Molecular nitrogen in N-doped TiO2 nanoribbons. RSC Adv. 2015, 5, 23350–23356. [CrossRef]
49. Di Paola, A.; Augugliaro, V.; Palmisano, L.; Pantaleo, G.; Savinov, E. Heterogeneous photocatalytic
degradation of nitrophenols. J. Photochem. Photobiol. A Chem. 2003, 155, 207–214. [CrossRef]
50. Augugliaro, V.; Palmisano, L.; Schiavello, M.; Sclafani, A.; Marchese, L.; Martra, G.; Miano, F. Photocatalytic
degradation of nitrophenols in aqueous titanium dioxide dispersion. Appl. Catal. 1991, 69, 323–340.
[CrossRef]
51. Bischoff, B.; Anderson, M. Peptization Process in the Sol-Gel Preparation of Porous Anatase (TiO2).
Chem. Mater. 1995, 7, 1772–1778. [CrossRef]
52. Hawley, G.G.; Lewis, R.J. Hawley Scondensed Chemcal Dictionary; Wiley: New York, NY, USA, 1993.
53. Yang, J.; Mei, S.; Ferreira, J.M.F.; Norby, P.; Quaresmâ, S. Fabrication of rutile rod-like particle by hydrothermal
method: An insight into HNO3 peptization. J. Colloid Interface Sci. 2005, 283, 102–106. [CrossRef] [PubMed]
54. Malengreaux, C.M.; Pirard, S.L.; Léonard, G.; Mahy, J.G.; Klobes, B.; Herlitschke, M.; Heinrichs, B.;
Bartlett, J.R. Study of the photocatalytic activity of Fe3+, Cr3+, La3+ and Eu3+ single- doped and co-doped
TiO2 catalysts produced by aqueous sol-gel processing. J. Alloys Compd. 2017, 691, 726–738. [CrossRef]
55. Qiu, B.X.; Zhao, Y.; Burda, C. Synthesis and Characterization of Nitrogen-Doped Group IVB
Visible-Light-Photoactive Metal Oxide Nanoparticles. Adv. Mater. 2007, 19, 3995–3999. [CrossRef]
56. Zhao, Z.; Qiu, X.; Burda, C. The Effects of Sintering on the Photocatalytic Activity of N-Doped TiO2
Nanoparticles. Chem. Mater. 2008, 20, 2629–2636. [CrossRef]
57. Gole, J.L.; Stout, J.D.; Burda, C.; Lou, Y.; Chen, X. Highly Efficient Formation of Visible Light Tunable TiO2
- x N x Photocatalysts and Their Transformation at the Nanoscale. J. Phys. Chem. B 2004, 108, 1230–1240.
[CrossRef]
58. Liu, Y.; Chen, X.; Li, J.; Burda, C. Photocatalytic degradation of azo dyes by nitrogen-doped TiO2
nanocatalysts. Chemosphere 2005, 61, 11–18. [CrossRef]
59. Ohtani, B.; Prieto-Mahaney, O.O.; Li, D.; Abe, R. What is Degussa (Evonik) P25? Crystalline composition
analysis, reconstruction from isolated pure particles and photocatalytic activity test. J. Photochem. Photobiol.
A Chem. 2010, 216, 179–182. [CrossRef]
60. Yamarik, T.A.; Elmore, A.R. Final report of the safety assessment of Urea. Int. J. Toxicil. 2004, 24, 1–56.
61. Koirala, R.; Pratsinis, S.E.; Baiker, A. Synthesis of catalytic materials in flames: Opportunities and challenges.
Chem. Soc. Rev. 2016, 45, 3053–3068. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
